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I. INTRODUCTION 
A. Purpose 
The purpose of this investigation was to prepare the a 
and 6 low-temperature allotropes of cerium in their pure 
states exclusive of other phases, and then to measure the mag­
netic susceptibility and low temperature specific heat of 
these phases. Although cerium has been studied quite exten­
sively, there has been disagreement over both the experimen­
tal and theoretical natures of these allotropes and their 
transitions, some of which has stemmed from the fact that pre­
viously most low temperature measurements have been made on 
various mixtures of these two phases due to the difficulty of 
isolating them in their pure states. These difficulties have 
been overcome in this investigation and the measurements pre­
sented here have been made on essentially 100% pure a and 8 
cerium. In addition, the purity of the cerium metal used was 
higher than that of any previous investigations. For these 
reasons it is hoped that the measurements presented here might 
settle some of the controversy. 
On the following pages of the Introduction the unusual 
nature of cerium and its phase transitions are reviewed. 
B. The Allotropes of Cerium 
1. Phase diagram 
Figure 1 illustrates the temperature-pressure phase dia­
2 
i 
gram of cerium.^ The room temperature form, y, is f.c.c. with 
a lattice parameter of 5.1610 1.^ The low temperature or high 
pressure form, a, is also f.c.c. with a lattice parameter of 
4.85 1 at 77®K and zero pressure.^ Since its atomic volume is 
about 16% less than that of y, the a form is frequently called 
the "collapsed" f.c.c. phase. The 8 form is d.h.c.p. with 
a=3.6810 A and c=11.857 A at room temperature and zero pres-
2 
sure. Its atomic volume is about 1.21% larger than that of 
Y, and its c/a ratio is 3.221, compared to the ideal ratio of 
3.266. The high temperature 6 form is b.c.c. with an atomic 
volume comparable to y. The very high pressure form, a', has 
been reported as either f.c.c.^ or h.c.p.^ This phase is ob­
viously the densest, with an atomic volume 4.37% less than 
that of a.^ In addition to the unusually large number of al-
lotropes, three other properties are obvious from the phase di­
agram: (1) there are either three triple points and one crit­
ical point or two triple points and two critical points, de­
pending on whether the a - a' phase boundary extends to the 
liquid-solid phase boundary; (2) the melting point decreases 
with pressure, indicating that the metal contracts upon melt­
ing; (3) the 9 phase field is quite small. 
2. Electronic configuration and valence 
The electronic configurât ion of a free cerium atom is 
4f^5s^5p^5d^6s^. In the y and 3 trivalent forms of the metal 
3 
00 
LIQUID 
000 
900 
800 
700 
600 
LU 
5 500 
cr 
w 
W, 400 
300 
200 
100 
40 50 60 20 
PRESSURE (kbar) 
Figure 1. Temperature-pressure phase diagram for cerium. 
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1 2 the three 5d 6s electrons form the conduction band. The 
2 6 5s 5p electrons are part of the filled Xe core but are im­
portant because they help screen the 4f electron, which in the 
Y and 8 forms of the metal retains its free ion-like charac­
ter. In cerium, more than in the other rare earths, the ener­
gy of this 4f level is comparable to the Fermi energy of the 
metal. In what has become known as the promotional model, 
it is believed that high pressures and low temperatures in­
crease the energy of the 4f level relative to the conduction 
band. The nature of this transfer, and the resulting increase 
of valence during the transition to a cerium, is the most 
theoretically interesting property of cerium and it has been 
the subject of numerous investigations and theories. 
In the room tençerature y and P phases the localized 4f 
electron exhibits a magnetic moment resulting in a typical 
g 
Curie-Weiss behavior in contrast to the low temperature a 
phase in which the 4f electron does not exhibit a magnetic 
9 
moment. There appears to be, however, enough magnetic char­
acter in a cerium to prevent superconductivity. The a' form, 
which is probably tetravalent, is only weakly paramagnetic 
and exhibits superconductivity.^^ The high temperature 6 
phase has not been extensively studied, but it has about the 
11 12 
same magnetic moment and molar volume as Y and is probably 
trivalent. 
5 
3. Phase Transitions 
There is considerable thermal hysteresis in the y 6 
transition (figure 2). The y -» P transition begins around 
260°K upon cooling and does not go to completion, while the 
reverse reaction begins around 400°K upon warming. This tran­
sition has been termed a coherent martensitic transformation^^ 
somewhat like the f.c.c. - h.c.p. transition in cobalt. The 
transition is coherent because the habit plane of the marten-
site plates is the rational set of {111} f.c.c. planes, unlike 
the irrational or high index habit planes more commonly found 
in martensitic transformations. The transition occurs by a 
glide of close-packed layers along (211) type directions to 
new positions in a manner such that the ABCABC packing se­
quence is altered to ABAC. Although a shear of approximately 
20° results from the glide, there is no large macroscopic de­
formation because when shear stresses build up along one direc­
tion, the glide can easily change direction to one of the other 
five possible (211) type directions in the particular {111} 
type plane in which slip is occurring by the creation of a 
stacking fault. The result of this glide is the formation of 
3 cerium platelets oriented parallel to the four (111) type 
planes of the f.c.c. y cerium matrix, with the (0001) hexag­
onal plane of the 3 cerium corresponding to the (111) type 
f.c.c. planes of the y cerium. Figure 3 is a micrograph of a 
sample consisting of a mixture of y and 8 cerium which illus­
trates these 3 cerium platelets. During the y -» 3 transition 
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Figure 2. Phase diagram showing thermal hystersis in the 
Y ^ 3 and y ^ a transitions. 
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Figure 3. Micrograph illustrating 3 cerium 
plates. The surface was anodized 
with KOH and photographed using 
polarized light. The light areas 
and the medium dark areas are 3 
cerium. The very dark areas are 
Y cerium. The dark spots are 
pitting from oxidation. 250X 
8 
there is a slight contraction along the hexagonal c-axis of 
the 8 phase and a slight expansion along the a-axes to give a 
2 
net expansion of 1.21%. The transition does not go to com­
pletion due to the impingement of the 3 cerium platelets upon 
each other. Small volumes of y cerium are left as pockets 
surrounded by 8 plates- These pockets are prevented from 
transforming because the compressive stresses resulting from 
the latter stages of the transformation build up to high val­
ues which limit further transformation. 
Deformation causes y cerium to transform to g cerium at 
room temperature.^^ However, due to the compressive stresses 
resulting from the deformation, the transformation will not go 
to completion. In fact, deformation of 8 cerium can cause it 
to revert to a or y cerium. 
Koch and McHargue^^ found that they were able to obtain 
higher percentages of 8 cerium when they cooled y which had a 
larger grain size. Again, the likely reason is that the com­
pressive stresses within each grain were not as large due to 
the smaller amount of grain boundaries to constrict the 8 
plates. 
The y  ^ CL transformation also displays a temperature 
3 hysteresis. Gamma cerium begins to transform to a cerium 
around 110°K upon cooling and the reverse reaction begins 
around 180®K upon warming. Rashid and Altstetter^*^ have de­
scribed this transformation as a series of instantaneous col­
lapses of small domains of random size and shape as the sample 
9 
is cooled. 
The g a transition has not been investigated thoroughly, 
Koch and McHargue^^ feel that the p -» a transformation starts 
between 77®K and 40®K upon cooling and the reverse reaction 
starts at 125®K upon warming. However, since 90% g, once 
formed, seems to be stable at all temperatures below 360®K, 
it seems doubtful that the transformation occurs at all in the 
absence of stresses. 
The presence of two overlapping athermal transformations, 
one of which does not go to completion upon cooling, results 
in a mixture of phases at low temperatures. Consequently 
most measurements of the properties of cerium at low tempera­
tures have been made on mixtures of a and 3. At temperatures 
below 20®K where the y -* a transition is assumed to have gone 
to completion, the usual procedure is to represent the prop­
erty being measured by an equation of the type 
x)^ + (l-x)Mg » M (1) 
where x represents the fraction of a cerium and and Mg 
represent the fraction of the total measurement M due to the 
a and g phases respectively. The problem with this equation • 
is that there are usually three unknowns: x, M^, and Mg. Var­
ious methods have been used to solve this problem. One method 
is to use a property unique to one phase such as the antiferro-
Q 
magnetic ordering which occurs in g below 12.5®K, The size 
of the peak which results in the specific heat and magnetic 
susceptibility curves from this antiferromagnetic ordering can 
10 
be used as a rough measure of the amount of 3 present. Anoth­
er method is to study the properties of different compositions 
of an alloy of cerium in which either the a or 3 phase is 
stable and then extrapolate the properties to pure cerium. 
Panousis and Gschneidner^^ used a three-step method to 
form almost pure a cerium by first compressing y cerium to 
10,000 atmospheres, cooling to liquid nitrogen temperatures, 
and then relieving the pressure. 
The usual method of obtaining high percentages of 3 ceri­
um is to cycle cerium thermally between room temperature and 
Q 
liquid helium temperature, up to 100 times. Apparently the 
volume decrease which results during the y -* a transition 
helps relieve part of the compressive stresses caused by the 
Y - 3 transition, allowing the a - 3 and y -*3 transitions to 
proceed slightly further on successive cooling steps. Panousis 
and Gschneidner^^ obtained approximately 91% 3 cerium using 
this method. 
11 
II. PREVIOUS MEASUREMENTS AND THEORIES 
A. Heat Capacity 
The heat capacity of any material is composed of a number 
of contributions represented by 
the other terms are respectively the heat capacity contribu­
tions due to the electrons, phonons, crystal field splitting, 
magnetic ordering, and nuclear effects. In the following par­
agraphs each of these contributions is treated separately as 
it applies to the two low temperature phases of cerium. 
The electronic specific heat can be represented quite 
accurately below room temperature by the relation 
where k is Boltzman's constant and n(Ep) is the molar density 
of states at the Fermi level. The electronic specific heat is 
proportional to the temperature T with a constant of propor­
tionality Yg which is known as the electronic specific heat 
constant. The subscript e is attached to the symbol y to avoid 
confusion with the y phase. The various values of which 
have been found for a and 3 cerium by previous workers are 
given in table 1. Normally a tetravalent transition metal has 
a Y value of around 2 or 3 mj g-atom ®K~ "vdiile a trivalent 
transition metal has a Yg value around 10 or 11 mJ 
(2) 
where is the total heat capacity at constant pressure, and 
Cg = (2/3)A^n(Ep)T = y^T (3) 
12 
Table 1. Summary of electronic specific heat constants and 
Debye temperatures for a and g cerium as measured 
by several workers. Values are in ®K and mj/ 
g-atom 
Workers Y: 
Panousis and Gschneidner^^ — —  —  9.5 152 
Panous is and Gschneidner^^ 9.79 117 —  — —  —  —  —  
Phillips, et al.^® 11.3 200 —  —  —  —  —  —  
19 Lounasmaa 21 157 10.5 147 
20 Conway 22 125 54 —  —  —  
g-atom' . The valence of a is about 3.67 at 116°K and 
22 
one atmosphere pressure which, if we assume a linear rela­
tionship between Vg value and valence, corresponds to a Yg 
value of about 8 mJ g-atom ®K . Theoretical energy band 
23 
calculations predict a Yg value between 5.2 and 9.0 mJ 
g-atom 
The most common method of treating the lattice specific 
heat is by the Debye model. Here, the solid is treated as an 
elastic continuum with a phonon spectrum proportional to the 
square of the phonon frequency. The only provision for the 
discrete nature of the lattice is to cut off the phonon spec­
trum at some maximum frequency. Debye's model is most accu­
rate at low temperatures where only long wavelength phonons 
3 
are excited. Here, the lattice specific heat obeys a T law 
13 
according to 
Cp = (12/5)TT'^ Nk(T/^ )^  (4) 
where N is Avogadro's number, k is the Boltzman constant, and 
^ is a characteristic temperature called the Debye tempera­
ture. This relation is usually accurate at temperatures below 
€^/20. Experimentally a value of ^ can be found from the 
slope of the curve which results when the specific heat divid­
ed by temperature is plotted against the temperature squared. 
Values of ^ for a and 6 cerium are given in table 1 in addi­
tion to the electronic specific heat constants. It is diffi­
cult to derive a ^  value for g ceriiam due to a large magnetic 
specific heat component which dominates the total specific heat 
of 8 at low temperatures. The ^ value of double hexagonal 
lanthanum, which is 152°K,^^ is commonly used instead. 
The magnetic contribution to the specific heat are the 
anomalies or peaks which center around magnetic ordering tem­
peratures. There is a specific heat contribution on both sides 
of the peak due to the fact that the ordering transition is a 
cooperative phenomenon which takes place over a range of tem­
perature. Spin wave theory predicts that below approximately 
half the ordering tenderature the magnetic contribution to the 
3/2 
specific heat will be proportional to T for a ferromagnet 
3 
and T for an antiferromagnet. However, at low temperatures 
this approximation is not always good and the specific heat 
may have an exponential type dependence instead. Alpha cerium 
25 does not order magnetically and therefore does not have a 
14 
magnetic contribution to the specific heat. There is a strong 
peak in the specific heat of 3 due to the antiferromagnetic 
ordering below 12.5°K.^^ 
Spin-orbit coupling of an isolated Ce ion splits the 4f 
2 2 2 
shell into two energy levels, ^7/2 ^5/2* the ^-jj^ 
2 27 level lying 3240°K above the ground state level. Due 
2 to this large energy separation the F7/2 1®"^®! has little ef­
fect on the properties of cerium at room temperature and below 
and can be ignored at these temperatures. When a cerium ion 
is placed in a crystal, the electric field (or crystal field) 
from the neighboring ions removes the six-fold degeneracy of 
the ground state. Since cerium has an odd number of 4f elec­
trons, it is a Kramer's ion and the maximum possible splitting 
2 
of the ^5/2 state is in three doublets. In fact, if the 
neighboring charges are arranged in a hexagonal symmetry this 
maximum splitting of levels will occur, while the more symmet-
2 
ric cubic crystal field splits the F^/2 state into a 
quartet and a lower-lying doublet. Figure 4 illustrates the 
28 level splitting caused by hexagonal and cubic crystal fields 
in cerium. In y cerium only cubic crystal field splitting is 
expected to occur since all the atoms are on sites with cubic 
symmetry. In 6 cerium the close-packed layers are arranged 
ABACABAC with half the layers (the A layers) in a f.c.c. en­
vironment and half the layers (the B and C layers) in an h.c.p. 
ABA type environment. All the atoms in the A layers have a 
cubic site symmetry and those in the B and C layers have a 
15 
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Figure 4. Crystal field splitting for the two types of 
lattice sites in g cerium. 
16 
hexagonal site symmetry. It is difficult to determine whether 
or not these two types of site symmetry in 6 cerium give rise 
to two types of crystal field splitting and, if so, what in­
fluence these splittings have on each other. In addition, the 
perturbations due to the molecular exchange field aiid the 
crystal field must be treated together in the calculation. 
Due to these complications, crystal field studies of rare 
earth ions are usually made on various salts containing these 
ions rather than on the metallic state. For metallic cerium 
the few calculations which have been made are not in agree-
29 
ment. Murao and Matsubara calculated an energy splitting 
of 206®K between the excited quartet and ground state doublet 
for a cubic crystal field in cerium, compared to a value of 
30 270®K by Bleaney. For a hexagonal crystal field Bleaney 
found that the doublets were excited to 30°K and 150°K above 
the ground state. These values are compared to 89°K and 206 
31 3+ determined by Yoshida and Sugawara for Ce ions in hexag­
onal yttrium. 
The form of the specific heat curve which results from 
crystal field effects is a Schottky anomaly. As the tempera­
ture is increased from close to 0°K to temperatures corre­
sponding to the ener^ excitations for the crystal field lev­
els, the number of electrons which occupy these higher levels 
increases proportional to the Boltzman factor. The energy 
absorbed by the electrons during this excitation process re­
sults in a contribution to the specific heat which is given by 
17 
dE 
with 
NSe^grexpC -Sr/kT^ 
g  =  r  * •  .  ( 5 )  
Z g^expC -e^/kT) 
Here, e^ is the excitation energy of the r^^ level and is 
the degeneracy of the r^^ level. The resultant specific heat 
curve increases sharply with temperature to some maximum and 
then gradually decreases with a high temperature tail which 
"2 32 
varies as T" . From measurements made on a sample cons is t-
30 ing of a phase mixture, 3 cerium has what Bleaney believes 
to be a Schottky anomaly at approximately 90°K. 
The ground state doublet can be split further by coupling 
of the electric quadrupole moments of the 4f orbitals in adja-
33 
cent atoms. This effect is seen below 0„8°K in the specific 
heat of cerium ethyl sulpha te^^ but is expected to be stronger 
for the metallic state since in the metal the cerium ions are 
33 35 
closer together. Elliott has estimated an energy split­
ting of 10*K from this effect for gadolinium, and the splitting 
would be greater for the light rare earths in which the 4f or-
20 bitals have a larger spatial extent. Conway has suggested 
that this effect suppresses magnetic ordering for the hexag­
onal sites in P cerium, so that only half the sites (the cubic 
sites) are involved in the antiferromagnetic transition at 
18 
12.5°K. The reasoning is that the ground state of the hexag­
onal sites is effectively a singlet due to the quadrupole-
quadrupole splitting of the ground state doublet. A singlet 
ground state will not order unless some critical exchange 
field is exceeded. In the case of a ground state singlet re­
sulting from crystal field splitting (that is, the case of a 
non-Kramer's ion), this critical exchange field corresponds to 
a magnetic ordering temperature 1/10 the crystal field split-
ting. The magnitude of the quadrupole-quadrupole effect ne­
cessary to overcome the exchange field and prevent magnetic 
ordering has not been predicted but is undoubtedly dependent 
on the magnitude of the exchange field, the nature of the crys 
tal field splitting, and the sign of the quadrupole-quadrupole 
interaction. If the sign of the quadrupole-quadrupole is the 
same as that of the exchange interaction, this effect would 
enhance ordering rather than suppress it. 
The form of the specific heat expected from quadrupole-
quadrupole splitting is a Schottky anomaly. However, the 
Schottky peak may be sharpened or flattened from the effect of 
quadrupole-quadrupole mixing of the ground state level with 
33 higher crystal field levels. 
B. Magnetic Susceptibility 
As in the case of the total specific heat, the magnetic 
susceptibility is composed of a number of terms. These are 
the temperature dependent paramagnetism due to the 4f elec­
19 
trons, the Pauli paramagnetism of the conduction electrons, 
the Landau diamagnetism of the conduction electrons, and the 
diamagnetism of the core electrons. The paramagnetism due to 
the 4f electrons completely dominates the magnetic suscepti­
bility of Y and 3 cerium. For this reason no attempt is usu­
ally made to account for the other susceptibility contribu­
tions in these phases. At room temperature the normal low 
field limit of this susceptibility is given by 
X = T - XC 
where X is a constant, independent of temperature, which gives 
the magnitude of the exchange field, and 
Ng^J(J + 1)Hr 
c 3ET •  O )  
Here g is the Lande g-factor which is 6/7 for the ^5/2 ground 
state of the cerium free ion, J is the total angular momentum 
quantum number, Ug is the Bohr magneton, and k is the Boltz-
man constant. The value of g{J(J + 1)}^ is called the effec­
tive magnetic moment in Bohr magnetons and is predicted to be 
2.54 for the cerium free ion. This value compares favorably 
37 to the experimental values of 2.58 determined by Bates et al. 
g 
and 2.51 determined by Lock. Equation 6 predicts that when 
the reciprocal susceptibility is plotted against temperature 
the resulting curve is a straight line which intersects the 
1/x axis at -X. 
20 
At lower temperatures the observed reciprocal susceptibil­
ity versus temperature curve will deviate from a straight line 
due to effects of crystal field splitting. As previously men­
tioned, the effects of the exchange energy and two different 
point symmetries make meaningful calculations of the crystal 
field levels quite complicated, especially at lower tempera­
tures where the ratio of the exchange field to the crystal 
field is large. It is, however, fairly easy to make a com­
parison between the limiting value of the experimental sus­
ceptibility of the ground state doublets for both types of 
site symmetry. Such a calculation is presented later in this 
paper with the experimental results of this investigation. 
Alpha cerium does not exhibit the Curie-Weiss behavior 
seen in g and v cerium. Instead the susceptibility is much 
smaller and has been found to be comparatively tenq)erature in-
25 dependent. The dominant susceptibility contribution is 
probably from the Pauli paramagnetism of the conduction elec­
trons, which may or may not include the 4f electron. This 
susceptibility is given to first order by 
X = n(Ep) (8) 
vdiere /Xg is the Bohr magneton and n(Ep) is the density of 
states at the Fermi level. The conduction electrons also have 
a diamagnetic contribution which for nearly free electrons is 
1/3 the paramagnetic contribution and opposite in sign. If 
21 
these two effects are combined, the susceptibility of the con­
duction electrons becomes 
X = n(Ep) (9) 
38 
MacPherson, et al. have used equation 3 to obtain a n(Ep) 
value from specific heat measurements, and then substituted 
this value into equation 9 to calculate the susceptibility of 
a cerium. Their experimental value was 4 to 8 times higher 
than this calculated value, a discrepancy which they attributed 
39 to a large Stoner enhancement of the susceptibility. A 
strong enhancement of this type was predicted by Coqblin and 
Blandin^^ and is caused by an exchange interaction between the 
conduction electrons and localized 4f electrons. 
C. Other Measurements 
1. Electrical resistivity 
As in the cases of specific heat and magnetic susceptibil­
ity, the resistivity of a metal can be partitioned into a num­
ber of terms. These contributions are the intrinsic or ideal 
resistivity due to scattering of electrons by phonons, the ex­
trinsic or residual resistivity due to scattering of electrons 
by lattice defects such as impurities, and the magnetic resis­
tivity due to the scattering of 4f electrons by magnetic mo­
ments. The latter contribution is especially important in the 
rare-earth elements. 
22 
The intrinsic resistivity cân be approximated by the 
Bloch-Gruneisen function, which is an empirical function that 
predicts the lattice resistivity to be proportional to at 
low temperatures and to T at high temperatures. The Bloch-
Gruneisen relation was derived for spherical Fermi surfaces 
and is best applied to simple metals such as sodium. An accu­
rate prediction of the intrinsic resistivity for the rare 
earths requires a knowledge of the Fermi surface, which is not 
well known for cerium. However, for a metal undergoing an ex­
change enhancement in susceptibility such as is suspected in 
2 
a cerium, the resistivity has been predicted to vary as T at 
very low temperatures.^^ This behavior was found for a cerium 
by some workers^^ while others found no trace of it.^^ 
The residual resistivity is not easily predicted due to 
the varying nature of defects in different metals. Any defect 
which disrupts the lattice periodicity will contribute to the 
scattering. Since the various methods used to produce a and 6 
cerium involve deformation from the volume change during the 
Y a transformation, one would expect a fairly large residual 
resistivity in the experimental results for these phases. 
In the rare earths the conduction electrons are exchange 
coupled to the magnetic moments of any unpaired 4f electrons. 
Above the ordering temperature, where the magnetic moments are 
randomly orientated, this coupling contributes to a large 
scattering of the conduction electrons, which dominates any 
other contribution to the resistivity. As would be expected 
23 
the resistivity of 3 cerium drops when the metal is cooled 
through the antiferromagnetic Neel temperature at 12.5®K. 
In addition, the nonmagnetic a phase has a much lower resistiv­
ity due to the absence of this scattering mechanism. As such, 
resistivity curves of cerium strongly reflect the temperature 
hysteresis in the y ^ a transition.Again, the magnitude of 
this resistivity contribution is difficult to predict for ce­
rium due to the lack of detailed knowledge of the Fermi sur­
face and the magnetic crystal symmetry. 
2. Neutron diffraction studies 
Two isotopes, Ce^^^ and Ce^^^, comprise 99.55% of cerium. 
Both these isotopes are easily analyzed by neutron diffraction 
since there is no diffuse scattering of neutrons, except by 
paramagnetic scattering. 
9 Wilkinson, et al. used neutron diffraction to determine 
both the amounts of the various phases present for different 
thermal treatments and the magnetic character of these phases. 
They concluded that the y and 8 phases have one electron in 
the state and that the atoms of the phase do not have a 
magnetic moment. They also suggested a possible ant iferromag-
netic ordering arrangement in 8 cerium below 12.5®K in which 
the close-packed planes are ferrimagnetic layers with magnetic 
moment of alternate layers lying in opposite directions along 
the c-axis. 
Currently an attempt is being made by members of S.K. 
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Sinha's physics group in Ames Laboratory to determine the 
crystal field level splittings of 8 cerium by neutron scat­
tering, using the same sample which was prepared for the spe­
cific heat measurements on P cerium described in this thesis. 
Such a determination would be very useful in predicting the 
Schottky heat capacity contribution in B cerium and in re­
solving out the other contributions to the heat capacity. 
3. Hall effect measurements 
Hall effect measurements enable the determination of the 
primary mode of conduction (electrons or holes) in a metal. 
The Hall coefficient is defined as 
- Me 
-0 
-
n 
P + 
"0 
(10) 
where n is the number of electrons, p is the number of holes, 
and and are their corresponding mobilities. is posi­
tive when holes are the dominant form of conduction and is 
negative for electrons. 
The Hall coefficient is positive for y, 3, and a cerium 
although the value for a cerium is only one-fourth that for 
y cerium.Since the mobilities in the phases are not known, 
it is difficult to make definite conclusions from these re­
sults, but if the mobility ratio is assumed not to change 
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during the y -* a transition then there is an increase of be­
tween 0.6 and 0.8 conduction electrons in the conduction band 
of the a phase during the transition. 
4. Positron annihilation and correlation 
When a positron source is brought into proximity with a 
metal the positrons annihilate the conduction electrons of the 
metal and each annihilation results in the emission of two 
photons in almost opposite directions. The deviation from 
180° in which the two photons are emitted gives a measure of 
the momentum of the electron-positron pair before annihilation, 
and is called the angular correlation. This measurement, along 
with the positron lifetime, can be used to determine the va­
lence of a metal. 
Such measurements^^have been performed on cerium with 
the rather startling result that the valence of the y and a 
phases is not significantly different. This result conflicts 
with the promotional model in which the 4f electron is believed 
to be transferred to the conduction band in a cerium. At least 
two models may account for the fact that the 4f electron in a 
cerium is nonmagnetic and yet according to positron annihila­
tion measurement s is not part of the conduction band. These 
theories, along with others, are presented in the following 
section. 
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D, Theories for the y ^ a. Transition 
1. Promotional model 
As previously mentioned, the transfer of the 4f electron 
from a localized orbital in y and P cerium to the conduction 
band in a cerium would account nicely for the observed magnet­
ic, electrical, and neutron diffraction results for the phases 
of cerium. This idea was first set forth by Pauling^ and in­
dependently by Zachariasen^ as early as 1949. In addition, 
the model accounts for the fact that a cerium has a smaller 
atomic volume, since it has a greater number of conduction 
electrons available for bonding. 
The transfer of this 4f electron to the conduction band 
may be only partial, leading to fractional valences. From 
studies of metallic radius. Hall effect, and susceptibility, 
22 Gschneidner and Smoluchowski proposed that the valence of a 
cerium is 3.67 at 116®K and one atmosphere pressure and that 
the valence of both y and P cerium is 3.06 at room temperature 
and pressure. The partial occupation of the 4f shell in a 
cerium would account for the absence of superconductivity in 
this phase. 
2. Ramirez-Falicov model 
49 Ramirez and Falicov have also proposed a model which is 
actually a thermodynamic refinement of the promotional model. 
They assume that a localized 4f level lies slightly above the 
Fermi level in a cerium. The model supposes a strong electron-
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electron interaction energy between the conduction electrons 
and any electrons which may be thermally excited to the f lev­
el. As the temperature is increased more and more electrons 
are thermally excited to this f level, causing a corresponding 
increase in the electron-electron energy. Eventually a tem­
perature is reached in which it is energetically favorable for 
the f level to fill completely, and the transformation to y 
cerium occurs. The model also predicts the existence of a cri­
tical point by the supposition that the energy separation be­
tween the Fermi level and the localized 4f level increases ap­
preciably with pressure. 
3. 4f band model 
To account for the fact that positron annihilation meas­
urements indicate that a cerium is trivalent, Gustafson, McNutt, 
and Roellig^^ have suggested that the 4f states in y cerium in­
creasingly overlap as the pressure increases or the tençerature 
decreases. In a cerium the 4f states would overlap to the ex­
tent that they form a band which is distinct from the conduc­
tion band. Since the 4f electrons are no longer localized, 
25 they would not exhibit a magnetic moment. Grimberg has cal­
culated the needed width and position of these bands to describe 
his susceptibility results on a cerium as a function of tem­
perature and field. The idea later received some criticism^^ 
since the wave functions of the 4f orbital states are spatial­
ly too small to overlap. To retain the model it may be nec­
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essary to assume some kind of hybridization of the 4f state 
with the conduction band states so that the resulting states 
would be extended enough to overlap. 
4. Spin-compensation model 
Anderson^^ has shown that magnetic impurities in nonmag­
netic metals show an effect called spin compensation, in which 
the conduction electrons align themselves antiferromagnetically 
to the localized d or f electrons. The effect is that the net 
magnetic moment of the metal is reduced or cancelled out by the 
spin of the conduction electrons. Coqblin and Blandin^® have 
proposed that pure cerium undergoes a similar effect and that 
the y ± a transition is the result of partly spin-compensated 
Y cerium transforming to a highly spin-compensated state, a. 
Their model is dependent on the formation of 4f virtual bound 
states in the conduction band. The conduction band electrons 
scatter resonantly from these virtual bound states and it is 
this process which leads to spin compensation. In their mod­
el, Coqblin and Blandin state that the 4f orbital lies 0.1 eV 
below the Fermi level in y cerium and 0.1 to 0.15 eV above the 
Fermi level in a cerium. Thus it is not the 4f orbital but 
the 4f virtual bound states which are occupied in a cerium. 
These 4f virtual bound states lie close to the Fermi level in 
a cerium resulting in the abnormally high electronic specific 
heat values observed for this phase. The supplementary densi­
ty of states contribution due to the 4f virtual bound states 
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amounts to 10 states eV ^ atom ^ in a cerium and to only 0.5 
-1 -1 
states ev atom in y cerium. In addition, there is an ex­
change correction for these states in a cerium which leads to 
an enhanced susceptibility; 
^ 1 - Un(Ep) ( ) 
where Xq is the unenhanced susceptibility, U is the exchange 
energy, and n(Ep) is the density of states at the Fermi level 
due to the 4f electrons (actually the 4f virtual bound states). 
51 52 Later, Edelstein * suggested that, since alloys exhib­
iting a Kondo effect (resistivity mimimum) undergo spin com­
pensation, the phases of cerium should show the same T ^  de­
pendence in susceptibility that Kondo systems show. However, 
this dependence has been shown not to occur in recent experi­
mental results. 
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III. EXPERIMENTAL PROCEDURE 
A, Sample Preparation 
1. Sample purity and handling 
Two different stocks of cerium were used to prepare the 
samples in this investigation. The B cerium sançles for spe­
cific heat and magnetic susceptibility measurements were made 
from the first stock which is labeled I. All other samples 
were made from a second stock labeled II. The purities of 
these stocks are given in table 2. The analyses were carried 
out by mass spectrographic analysis except for oxygen, nitro­
gen, and hydrogen, which were analyzed by vacuum fusion meth­
ods, and carbon, fluorine, and iron, which were analyzed by 
conductometrie (carbon) and spectrophotometric (fluorine, iron) 
techniques. The overall purities of the two stocks were 99.87 
and 99.80 atomic percent for I and II respectively. 
Since cerium oxidizes in air it was necessary to store 
all samples in either vacuum or inert atmospheres. It was also 
necessary to polish off oxide layers formed after any opera­
tions performed on the samples in the air. Electropolishlng 
was accomplished by applying +40 volts to the sample in an 
electrolyte of 6% perchloric acid in methanol cooled to dry 
ice temperatures. Since y cerium partially transforms to 3 
cerium below -10°C, in cases where the formation of g cerium 
was to be avoided a chemical polish of one part acetic acid, 
one part nitric acid, one part lactic acid, and one part di-
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Table 2. Chemical analysis of cerium used (impurity levels 
are in atomic ppm) 
Impurity Ce(I) Ce(II) Impurity Ce(I) Ce(II) 
H 139 139 Ag <.05 <.l 
N 90 500 Cd <.l <.2 
0 639 350 In <.08 <.08 
C 152 887 Sn <.4 <1 
F 111 103 Sb <.08 <.08 
Li <20 - Te <.l <.l 
Be <.l <.02 I <.l <.l 
B .1 <.01 Cs <1 <.05 
Na 10 2 Ba <10 <5 
Mg <.4 .4 Hf <6 <.8 
A1 1 .1 Ta 7 2 
Si 1 2 W <.3 .5 
P <2 .3 Re <.8 <.7 
S .5 <.5 Os <1 <2 
Cl 8 6 Ir <.8 <5 
K 5 2 Pt .5 <.5 
Ca 20 1 Au <.l <.2 
Ti <2 .5 Hg <.2 .1 
V <.5 <.5 Tl <.l <.l 
Cr 15 .2 Pb <2 <.5 
Mn <1 <.l Bi <.08 <5 
Fe 7.5 7.5 Th .4 .1 
Co <.l <.02 U <.2 <.2 
Ni 3 .5 Sc 1 <.5 
Cu 3 .4 Y 5 <5 
Zn <1 .08 La 34 4 
Gâ — - Pr 5 <4 
Ge <4 <.2 Nd 8 <.4 
As <.2 <.04 Sm <.07 
Se — <.06 Eu <.05 <.08 
Br <.4 <.06 Gd <1.2 <.9 
Sr - - Tb <.2 <.5 
Zr <.9 <1 Dy <.l <.5 
Nb - - Ho <.3 <.3 
Mo <1 <1 Er 1.6 <.5 
Ru <1 <1 Tm <.05 <.06 
Rh <.2 <.2 Yb <.05 <.2 
Pd <1 <.l Lu 9 3 
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methylformamide was used. In the latter case it was necessary 
to swab the samples vigorously with cotton during the polish­
ing operations. 
2. Beta cerium 
Approximately 100% g cerium was prepared by the follow­
ing set of successive steps. Gamma cerium was sealed in tan­
talum crucibles and annealed for three days at 400®C to re­
lieve any possible strains in the sample. At the end of this 
time the grain size was about 1 mm. The samples were then 
quenched back and forth between room temperature and liquid 
helium temperature 10 times. Quenching was acconqjlished by 
first immersing the samples in liquid nitrogen for approxi­
mately two minutes and then immediately immersing them in 
liquid helium for an additional two minutes. The samples 
were allowed to warm back to room temperature by exposing them 
to the air, which took about five minutes. After 10 of these 
steps, the samples were sealed under vacuum in pyrex tubes and 
placed in a furnace at 75°C for one week. The same procedure 
was repeated four more times over a four-week span. 
In the first series of quenches about 85% to 90% cerium 
was formed. It was felt that the limiting factor which pre­
vented Y -» g transition from going to completion was the build­
up of compressive strains in the samples as g formed due to 
the slightly larger atomic volume of g cerium. These strains 
were partially relieved by annealing at 75®C for one week. 
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This temperature is below the 3 -» y transition temperature 
but high enough to allow substantial recovery to take place in 
the untransformed y. It was felt that significant recovery 
could occur because of the low melting point of cerium and the 
long annealing time. In a metal the recrystallization temper­
ature is roughly half the absolute melting temperature (for 
Ce Tjj = 1068°K, 795°C, and = 534°K, 261°C) and the recov­
ery temperature is proportionately lower. After annealing, 
the next series of quenches caused more of the remaining y to 
transform to 6, until the strain again built up to limiting 
values. In this way more and more P could be formed in suc­
cessive quenching and annealing steps. 
Various methods were used to determine the amount of 8 
cerium present in the samples. One method was to observe the 
surface of the sample under polarized light. The hexagonal 
phase is optically active while the cubic phases are not. It 
was necessary to first anodize the surfaces by applying +22 
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volts to the sample in an electrolyte of 1% KOH in water. 
Another method was to examine the sample by x-ray diffraction 
using a diffractometer. Although the grain size was too large 
- to allow an estimate of the relative percentages of y and g 
present, the method was useful for detecting the possible pres­
ence of any y in high percentage 8 samples. The most accurate 
method was magnetic susceptibility measurements. Pure 3 will 
not transform to either a or y below 350®K. However, if any. 
a or Y is present, there will be a y ^ cc transformation as the 
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temperature is changed between room temperature and liquid 
helium temperature. Since the susceptibility of a is much 
less than that of y, the presence of either of these phases 
will manifest itself as a break in the susceptibility curve 
at the Y ^ cc transformation. 
3. Alpha cerium 
The procedure used to prepare a cerium was similar to 
that used by N.T. Panousis.^^ The samples were first sealed 
in tantalum tubes and annealed three days at 400®K to verify 
that they were pure y. They were then loaded in tungsten 
carbide dies, compressed to 9000 atmospheres pressure, cooled 
to liquid nitrogen temperature while under pressure, and re­
moved from the dies with the samples immersed in liquid nitro­
gen. In this way the P cerium phase field was bypassed (see 
figures 1 and 2). It was necessary to load the samples into 
the calorimeter and magnetometer with the samples immersed in 
liquid nitrogen. This procedure involved filling the sample 
chambers of both instruments with liquid nitrogen and, after 
the sançles were loaded, pumping off the nitrogen. 
Some difficulty was encountered in removing the samples 
from the dies after they were conçressed due to the friction 
of the samples against the inner surfaces of the dies. The 
difficulty was resolved bv using shorter samples and larger-
diameter dies and by wrapping the samples in teflon tape. The 
calorimetry samples were 0.700 inches long and .353 inches in 
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diameter. The susceptibility samples were 0.2 inches long 
and 0.25 inches in diameter. The specific heat samples were 
loaded directly into the calorimeter without drilling and 
tapping in the manner used by Panousis, as it was felt that 
any possible deformation of a cerium during these operations 
could result in some transformation to 3. 
B. Calorimetry 
All the specific heat measurements in this investigation 
were made on an adiabatic calorimeter constructed by R.R, Jo-
seph^^ and later modified by N.T. Panousis.Most of the de­
tails concerning this calorimeter are in the theses of Joseph 
and Panousis and they will not be repeated here at any length. 
The principal of operation in any specific heat measure­
ment is to apply a known pulse of energy to the sanç>le, which 
is thermally isolated from the surroundings. The ratio of the 
energy of the heat pulse to the resultant rise in sample tem­
perature gives the specific heat of the sample. 
In an effort to reduce the heat leak and inprove the 
thermal equilibrium time between the sample and sample holder, 
a new sample holder was designed and constructed for use in 
this investigation. It is illustrated in figure 5. The prin­
cipal changes in design from the sanq)le holder of Panousis are 
direct bolting of the sample to the sample holder, removal of 
holes into which the Apiezon grease could migrate and collect, 
incorporation of a new germanium resistance thermometer with a 
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Figure 5. Sample chamber for calorimeter. 
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more suitable resistance versus temperature curve, and the 
use of finer leads (#44 constantan wire) to reduce the heat 
leak. The same adiabatic shield was used, except that the 
leads from the sample holder were rewrapped around the shield 
to improve the thermal grounding to the shield. 
Prior to making a set of measurements, the sample holder 
and shield, which were suspended by a nylon thread, were pulled 
into thermal contact with the liquid helium bath. After cool­
ing, which normally took between two and four hours, the ther­
mal contact was broken by lowering the sanqjle holder into the 
evacuated sample chamber. The shield was suspended midway be­
tween the sample holder and the top copper plate of the sample 
chamber can. 
The procedure for making a measurement was to impart a 
known current to the sample heater while monitoring the change 
in temperature and the time elapsed for the current pulse. 
The heater current was accurately measured by means of a Leeds 
and Northrop K-3 potentiometer which measured the potential 
drop across a standard resistor in the heater circuit. A 
small part of this voltage drop was continuously displayed on 
a recorder. In the same manner the potential drop across a 
calibrated germanium resistance thermometer was measured by 
means of another Leeds and Northrop K-3 potentiometer and a 
part of this potential drop was continuously displayed on a 
recorder. Normally a 10 microampere current was passed through 
the germanium resistance thermometer, but below 3®K a 1 micro­
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ampere current was used in order to lessen joule heating from 
the thermometer circuit. The time for a current pulse, which 
varied between 10 and 40 seconds, was measured by an electric 
timer accurate to 0.01 second. The current used and the time 
of the pulse were predetermined before each measurement to 
give a temperature change of approximately T/25®K where T was 
the temperature of the measurement. 
The largest source of relative error occurred from the 
measurement of the temperature change during a heat pulse. 
This error was largest at very low temperatures where extrap­
olation of the temperature traces on the recorder charts was 
difficult due to heat leaks. The absolute error was not sig­
nificantly larger than the relative error. This fact was 
borne out by conçaring measurements made on a copper standard 
from the 1965 Calorimetry Conference to the best known meas-
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urements on this standard. The accuracy was about 2% below 
3°K and about 1% overall. 
C. Magnetic Susceptibility Measurements 
The susceptibility measurements in this investigation 
were made using a Faraday magnetometer which was constructed 
in part by R. Jorden and finished by J. Croat.This appa­
ratus is carefully described in Croat's thesis and thus will 
not be described here in any detail. 
The basic principle of the Faraday method is to measure 
the force which a sample exerts in a magnetic field. The 
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2 
energy density of a magnetized sample is xH /2, provided that 
the susceptibility x is independent of the field H. The force 
exerted on the sample is the gradient of the energy density. 
In the z or vertical direction, this force for a unit mass 
m is 
Fz (12) 
The magnet used in the Faraday method is designed so that the 
2 quantity d(H )/dz is constant over a small distance in the z 
direction. 
The magnet used for this investigation was an Arthur D. 
Little oil-cooled electromagnet capable of being raised or 
lowered 18 inches and rotated 180®. The pole pieces were de-
2 
signed to provide a constant d(H )/dz over approximately 3 cm. 
2 The values of d(H )/dz were originally calibrated by J. Croat 
for eight different field settings using high purity mercury, 
lead, and platinum standards. These values were checked for 
the present investigation using the platinum standard. The 
force was measured using a RH Cahn electrobalance with a sen-
-6 
sitivity of 10 grams and a precision of 0.01% of the range 
of the weight change. In practice mechanical vibrations and 
problems with instabilities in the magnetic field resulted in 
a relative error of about 0.5%. Difficulties in centering 
the specimen and replacing the sample suspension rod in ex­
actly the same way for each separate run resulted in an abso­
lute error estimated to be about 2%. 
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The g ceriiam samples used in this investigation were a-
bout 0.06 grams in mass and generally cubic in shape. The 
a cerium sample was about 10 times larger, shaped as a cyl­
inder 0.25 inches in diameter and 0.2 inches long, weighing 
about 0.6 grams. The S cerium sample was glued to the sample 
suspension rod with GE #7031 varnish. For a cerium it was 
necessary to construct and calibrate a special sample holder, 
since gluing is impossible at 77°K. For this purpose copper 
foil was shaped into a crucible and hung from the end of the 
sangle suspension rod with three fine copper wires. This cru-
3 
cible facilitated the handling of a cerium since about 1 cm 
of liquid nitrogen could be placed in the crucible along with 
the sample to keep the a cerium from transforming back to y-
The sample tenqserature was varied by a manganin wire heat 
er wrapped around a 3/4 inch diameter copper tube in which the 
sample was hung. A small amount of helium exchange gas was 
used to provide thermal connection to the sample. The tem­
perature was measured with a copper versus constantan thermo­
couple above 20®K and with a gold-0.03% iron versus copper 
thermocouple between 1.5®K and 20®K. The junction of these 
thermocouples was placed in the space next to the sample with­
in the copper heater tube. 
The procedure used to collect data was to measure the 
difference in force exerted by a sanç)le in zero field and in 
a field of 11555 Oersteds, for which the field gradient con-
6 ? 
s tant was 19.903 x 10 gauss /cm. Data points were taken 
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while both cooling and warming in the interval from 77®K to 
300°K, but below 77®K it was possible to take data only while 
warming. Data points were taken at progressively smaller 
temperature intervals at lower temperatures. 
In order to determine any possible field dependence due 
to magnetic impurities the susceptibility of each sançle was 
measured at several temperatures using all eight field settings 
for which the field gradient constants were known. The total 
moment of a material with magnetic impurities can be repre­
sented as 
M(T,H) = X(T)H + Mp(H,T) + Mp(H,T) (13) 
! 
where x is the host susceptibility, Mp is the moment due to 
ferromagnetic impurities and Mp is the magnetization due to 
paramagnetic impurities. At low temperatures and high fields 
the ferromagnetic moments will tend to saturate and become 
independent of field. By plotting the total moment against 
the field, the slope will give the susceptibility and the 
intercept will give a rough measure of the amount of ferro­
magnetic impurities present. Since most magnetic impurities, 
however, tend to behave paramagnetically it is next to im­
possible to correct the data for impurities using this method. 
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IV. RESULTS AND DISCUSSION 
A, Specific Heat 
1, Beta cerium 
The specific heat results for 8 cerium are illustrated 
in figure 6. The most prominent feature of the illustration 
is the large peak centered at 12,45°K, which is due to the on­
set of antiferromagnetic ordering. As mentioned earlier, the 
specific heat of an antiferromagnet below its ordering tem-
3 perature is proportional to T . For this reason a plot of 
C/T versus T should be linear and enable one to determine a 
Yg value by extrapolating to the C/T axis. However, such was 
not the case. Hexagonal solids are generally anisotropic and 
the spin wave spectrum may have an energy gap which intro­
duces an exponential dependence in the specific heat. After 
subtracting out various possible electronic and lattice con­
tributions (including lattice contributions with temperature 
dependent ^(T)) attempts were made to fit the magnetic spe-
O 
cific heat to an equation of the form C/T = BT exp(-A/T), but 
without success. It is therefore difficult to obtain a value 
for the electronic specific heat from specific heat measure­
ments. The Yg value of double hexagonal lanthanum^^ * is 
used instead. 
A similar problem arises in the determination of the Debye 
temperature. The ordering peak dominates the specific heat and 
there is no direct way to determine what part of the total spe-
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Figure 6. Specific heat results for P cerium. 
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cific heat is due to the other contributions. However, if 
the degeneracy of the ground state is known, the magnetic 
contribution to the entropy can be calculated from iûS = R In g 
where R is the gas constant and g is the degeneracy of the 
level giving rise to ordering. This entropy should equal the 
area under the ordering peak when the magnetic part of C/T is 
plotted against temperature. In the case of y or P cerium, 
3+ g - 2 since Ce is a Kramer's ion having a doublet as the 
ground state. The nonmagnetic part of the specific heat can 
be approximated by using the electronic specific heat constant 
and Debye temperature of double hexagonal lanthanum, which 
are 9.4 mj g-atom ^ °K ^  and 152®K respectively.^^ Figure 7 
illustrates the resulting contributions using these values. 
The lattice contribution above 10has been rather arbitrari­
ly chosen to have the 0^ temperature dependence illustrated in 
figure 8. This dependence was necessary to bring the calcu­
lated entropy into agreement with the theoretical value of 
R In 2 while simultaneously matching the slope and magnitude 
of the total specific heat to the sum of the calculated con­
tributions. Any possible Schottky contribution from crystal 
field levels around 100®K has been ignored. If there is a 
crystal field contribution it seems likely that the magnetic 
contribution would extend significantly higher than that shown 
in figure 7, since otherwise the calculated total specific 
heat curve would be too steep above 15®K. Attempts to fit the 
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area under the curve to a value of (R/2) In 2, as Conway did. 
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Figure 7. Specific heat contributions for P cerium. 
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failed since it was necessary to use very unrealistic values 
of the Debye temperature and its tenqjerature dependence. How­
ever, if there is a Schottky contribution from a quadrupole-
quadrupole splitting of approximately 20°K to 30®K, as sug­
gested by Conway, the peak of this Schottky curve would be 
obscured by the magnetic ordering peak at 12.5°K. Both peaks 
would contribute (R/2) In 2 to the entropy, provided the hex­
agonal sites are not ordering. In this case realistic values 
of and would be possible, in agreement with Conway's 
hypothesis. In addition, it was not possible to fit an entro­
py of (3/2)R In 2 or more under the ordering peak to include 
the Schottky contribution from a possible crystal field level 
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around 30®K as suggested by Bleaney. 
In addition to the ordering peak at 12.45®K there is a 
bump at 13.7®K. Since the specific heat on the high tempera­
ture side of an ordering peak drops off more rapidly than the 
specific heat on the low temperature side, this extra bump 
could be a second peak equal in magnitude to the one at 12.45°K. 
This peak is too sharp to be due to a Schottky contribution 
such as that mentioned in the previous paragraph. The cause 
of these two peaks is believed to be separate ordering for 
the two types of lattice site symmetries in the double hex­
agonal structure. Neodymium and samarium are similar to ce­
rium in that both have the same two types of site symmetries 
and both are Kramer's ions. These two elements have two or­
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59 dering temperatures, neodymium at 7.5®K and 19and sama­
rium at 14®K and 106*K.^^ In addition, Roberts and Lock^^ 
have measured the specific heat of a set of caritmi-lanthanum 
alloys. They found that the 12.5°K peak in the specific heat 
of pure cerium split into two parts with lanthanum additions. 
Since the room temperature susceptibility of f.c.c. y cerium 
is slightly lower than that of 3 cerium, the lower peak pre­
sumably corresponds to ordering on the cubic sites. This 
double ordering has not been resolved in previous specific 
heat measurements because of scatter in the data and 
because the peak in these investigations^®appears to be 
broadened somewhat, probably from lattice strains. Figure 9 
shows a comparison of the data of the present investigation 
with the data of Panousis^^ and some of Conway's data.^® The 
high-percentage 3 samples used in these investigations were 
prepared simply by quenching y cerium between room temperature 
and liquid helium temperature a number of times. Presumably 
the 8 cerium produced is highly strained due to deformation 
during the y - a transition. The P sample in the present in­
vestigation was annealed for a total of more than five weeks 
at 75®K, and much of the lattice strain in the B phase was re­
lieved. Another possible effect is that the large number of 
stacking faults in highly strained 3 may increase the number 
of hexagonal sites relative to the cubic sites. Since the 
upper peak probably corresponds to ordering on the hexagonal 
sites, this may account for the fact that Panousis* specific 
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heat data is higher than ours around 13.7®K. 
2 .  Alpha cerium 
Figure 10 illustrates the heat capacity results for a 
54 
cerium. Also shown are the results of Panousis work 
which tend to be higher by approximately 25% depending on the 
temperature. Panousis' results are corrected for a copper 
plug in the sample holder which was inadvertently left out 
of the calculations. The reason for the difference in results 
is believed to be due either to impurities or to the presence 
of about 67o 3 in his sangle. The dotted line shown in figure 
10 is an extrapolation to 6% a, 94% g using the a data of the 
present investigation and the 91% 3, 9% a of Panousis. The 
data generally coincides with the extrapolation, except in 
the region of the antiferromagnetic ordering peak of P. In 
this region the peak in his data is considerably broadened 
and generally shifted upward in temperature. This peak broad­
ening possibly caused him to considerably underestimate the 
amount of 3 cerium in his sample. Also, after the specific 
heat of the copper plug is subtracted out of Panousis' data, 
the peak is more noticeable since this correction is larger 
above 13®K than it is below 13®K. The 3 probably formed during 
the drilling and tapping of his sample. The broadening of the 
peak is probably due to the large amounts of deformation in 
the lattice resulting from the preparation, as mentioned in 
the previous section. 
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Figure 10. Specific heat of a cerium with a comparison to Panousis' data. 
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Panousis observed a rise below 5®K in his specific heat 
data for a cerium. This rise is not seen in the results of 
the present investigation except as a part of a general curva­
ture over a much broader temperature range in the C/T versus 
T plot (see figure 11). The reason for this difference may­
be the purities of the samples used in the two investigations. 
Panousis' sample contained about 30 atomic ppm iron and around 
100 atomic ppm of magnetic rare earths respectively. It is 
possible that the rise in his data is part of a high tempera-
20 ture tail of a magnetic impurity ordering. Both Conway and 
19 Lounasmaa observed low temperature peaks in their specific 
heat data for cerium phase mixtures, which could be due to the 
same causes. 
Figure 12 illustrates the Debye tenq)erature as a function 
of temperature. The value of ^  at zero degrees is 179±2°K 
compared to 117°K for Panousis^^ and 200°K for Phillips, et 
al.^^ The value is 12.8±2 mJ g-atom ^  °K ^ which compares 
favorably with the values of 9.79 and 11.3 mJ g-atom ^ ®K ^ 
for Panousis and Phillips, et al. respectively. 
B. Magnetic Susceptibility 
1. Beta cerium 
The susceptibility measurements for g cerium are illus­
trated in figures 13 and 14. The results are plotted as the 
reciprocal susceptibility versus temperature in order to il­
lustrate the Curie-Weiss law behavior of the measurements. 
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Several sets of measurements were made but various problems 
with the apparatus were encountered during the measurements, 
and only the three best sets of data are presented here. 
The presence of either a or y cerium in what was hoped 
to be pure P samples was easily detected. The susceptibility 
of a cerium is an order of magnitude lower than y and causes 
the y ^ a transformation to show up quite markedly, even for 
relatively small percentages of a and y cerium. The result 
is a hysteresis loop in the cooling and warming curves, with a 
break in the cooling curve at 110®K due to the y a transfor­
mation and a break in the warming curve at 180®K due to the 
a - Y transformation. The y -* a break was never seen in the 
high percentage 8 sangles. At first it was assumed that this 
transition was occurring below 77°K where, due to the nature 
of the cryostat, it was impossible to take measurements while 
cooling with liquid helium. However, a pure y sample was run 
at one point and the y -* a transformation was observed to 
start at 109°K. Later, it was discovered that the P samples 
were initially single phase but the magnetic field seemed to 
cause some of the P to transform to a at a temperature below 
77®K. To confirm this finding, susceptibility measurements 
on pure P were taken while cooling to 90®K. The magnet was 
turned off and the sample cooled to 4.2®K for one hour and 
then warmed again. Upon reaching 100®K measurements were taken 
again. Within experimental error, no difference in the cool­
ing and warming curves was observed, and no break was found 
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near 180®K (see 100% g curve in figure 13). This fact also 
seemed to explain \jhy several times in the course of taking 
data around 4°K the susceptibility would decrease by as much 
as 3% between measurements. Figure 15 illustrates such a break 
in the data occurring in this particular sample at 11°K, 
Later, one of these partly transformed 6 samples was polished, 
anodized, and observed under polarized light (see figure 16). 
Whole platelets, mostly of a particular orientation, appeared 
to have transformed to the f.c.c, phase. These platelets were 
of the same morphology as the 3 platelets that normally occur 
in a sample which has undergone quenching to 4®K several 
times (see figure 3). In contrast, the y phase in such a 
quenched sample always was in the form of small pockets be­
tween the 3 platelets, rather than in the form of platelets. 
The dashed line In figures 13 and 14 represents the cal­
culated reciprocal susceptibility of 100% P cerium below 77°K. 
The dashed portion of the 100% g curve is based on the extrap­
olation from the other two curves. The relative amounts of a 
for these two curves were determined by comparing these curves 
to the pure g curves in the 77-150°K temperature range. The 
susceptibility of a cerium was known in this range and the 
calculation was simply one of solving for x the equation 
+ (l-x)Xg = (14) 
where x is the fraction of a, and x^, Xg, and are the 
susceptibilities of a, g, and the measured susceptibility re-
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Figure 16. Micrograph of a 3 cerium sample 
which has partly transformed to a 
cerium by the application of a mag­
netic field. The sample was anod-
ized with KOH and photographed with 
polarized light. The very dark 
areas are f.c.c. cerium. 250X 
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spectively. This equation was then reapplied to the 1.6®K to 
77 temperature range using the calculated values of x and 
treating Xg as the unknown. 
To obtain two sets of curves with differing amounts of 
g it was necessary to limit the magnitude of the applied field 
to certain values. The 84% 8 susceptibility curve was obtained 
in the usual maimer, that is, the magnetic field was increased 
to maximum, 13600 Oersteds, before each measurement in order 
to keep the magnet on its hysteresis loop. The 91% g suscep­
tibility curve was measured by never turning the magnetic 
field higher than 4000 Oersteds, the value at which the meas­
urements were taken. 
The 100% 8 curve is linear to within experimental error 
down to around 120®K. It intercepts the temperature axis at 
-44°K, compared to -38®K and -42®K for Lock^ and Bates, et 
37 
al. respectively. From the slope above 120®K an experi­
mental value for the moment, p, can be determined. The value 
found is 2.62 Bohr magnetons, compared to the theoretical 
2 8 
value of 2.54 Bohr magnetons for the F^/2 ^^vel. Lock 
37 
and Bates, et al. found values of 2.51 and 2.58 Bohr mag­
netons respectively. The theoretical value of p does not re-
2 present the true value, however, since effects of the Fyy2 
level and other temperature-independent paramagnetic contrib­
utions are neglected, and these would all tend to give a low­
er slope and a higher experimental value of p. 
Below 100®K the 100% g curve starts to deviate from a 
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Curie-Weiss behavior. This deviation is due to the fact that 
the separate crystal field levels have different magnetic mo-
2 
ment s than the F^/2 level from which they arise. As the 
temperature is lowered the magnetic moment of the solid is in­
creasingly that of the ground state level as higher levels 
become less and less populated by electrons. Due to the 
complexity of simultaneously treating the exchange field, the 
crystal field, and the perturbing effect of two different 
types of lattice symmetry in the calculation, no attempt is 
made to calculate the particular reciprocal susceptibility 
versus temperature curve which arises from these crystal field 
levels. However, the effective moment p of the ground state 
level for both types of sites can be compared to the experi­
mental moment derived from the slope of the low temperature 
limit of the reciprocal susceptibility curve. Between IS'^K 
and 16°K this slope leads to an experimental p of 1.55 Bohr 
magnetons. 
The hexagonal case is somewhat easier to calculate than 
the cubic case because, to the first approximation, there is 
no mixing of the total magnetic quantum numbers which de­
scribe the wave functions of the crystal field levels. The 
ground state doublet, which is normally indicated by Fg, the 
symbol for the irreducible representation of the level, can 
also be simply represented by mj = *3/2. When a magnetic 
field is applied, the doublet will be split into a mj = +3/2 
and a mj = -3/2 component, and the amount of energy splitting 
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gives a measure of the magnet moment of the doublet. This 
energy is given by A E + P/igH where p is the effective num­
ber of Bohr magnetons for the level and H is the applied 
field. The factor p must be determined for a magnetic field 
applied both parallel and perpendicular to the crystal axis. 
The two cases are found by solving 
and 
where the bra and ket vector notation represent the eigen-
functions for the wave functions with quantum numbers mj = 
±3/2, and the J operators have the properties: 
J.) (17) 
j^l mj) = {J(J+1) - mj(mj±l)]^| mji l) . 
When these operations are performed for the hexagonal ground 
state P|| = 18/7 and p^ = 0. The effective moment for a poly-
crystal is 
P = (| P|f + I . (18) 
For the hexagonal ground state, p = 1.485, compared to the 
experimental value of 1,55 derived from the slope of the re­
ciprocal susceptibility. If the mj = ±% or m^. =±5/2 doublets 
64 
are assumed to be the ground state, the values for p are 2.157 
and 2.474 respectively, clearly indicating that the level with 
mj = =^3/2 is the ground state doublet. 
29 The ground state for the cubic crystal field is 
Py = • Following similar calculations as per­
formed above one finds that p^^ and p^ both equal 10/7 or 
1.429, compared to the experimental value, 1.55. The effect 
of the exchange field is neglected, but would result in slight­
ly higher values for the calculated p and better agreement with 
the experimental value. The reason is that the exchange field 
62 tends to mix higher levels with the ground state, and in the 
case of cerium these higher levels have higher moments. 
One final observation can be made for the reciprocal 
susceptibility versus temperature curves. In the region be­
tween 12°K and 15®K the measurements were closely spaced in 
an effort to resolve the two ordering temperatures observed 
in the specific heat data for P cerium. Two ordering tem­
peratures were not detectable. However, these ordering tem­
peratures may be too close together to be detectable by sus­
ceptibility measurements. For example, if the ordering tem­
peratures of neodymium were less than 3® apart, they could not 
g 
be detected by susceptibility measurements. Recently D. 
63 Finnemore has performed mutual inductance bridge measure­
ments on a 8 cerium sample prepared in the same way as the 
samples of the present investigation. He found a susceptibility 
peak at 13.8°K with a shoulder at 12.3®K. These teiiq>eratures 
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clearly correspond to the same ordering temperatures found in 
the present heat capacity investigation. His data also show 
that the peak is smeared out or reduced with increasing fields. 
The susceptibility results indicate that both sites are 
ordering. If quadrupole-quadrupole splitting were suppressing 
20 
ordering on the hexagonal sites, the susceptibility due to 
these sites would become increasingly temperature independent 
at low temperatures as the singlet ground state became almost 
wholly occupied. The susceptibility curve expected in this 
case would deviate from a Curie-Weiss law dependence in the 
opposite direction which is observed between 50®K and 13°K. 
Again this indicates that Conway's quadrupole-quadrupole model 
is not applicable to 3 cerium. 
2. Alpha cerium 
Figure 17 shows the results for the magnetic susceptibility 
versus temperature for a cerium. For purposes of comparison 
the results of Grimberg^^ and of MacPherson^^ are also shown. 
Grimberg extrapolated three different compositions of a plus 
small amounts of g to 100% a cerium. His extrapolated sus­
ceptibility results are generally about 25% higher than ours, 
and are temperature independent above 30®K. From 30® to 0°K 
his data increase about 0.2 emu/gm. MacPherson's susceptibility 
results, which are for cerium conçressed to 10 kbars pressure, 
are approximately the same as ours at 100*K, but below 100®K 
show a large increase with decreasing temperature, which he 
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believes to be due to impurities. MacPherson noticed a slight 
decrease in susceptibility between room temperature and 200®K, 
which he attributed to small amounts of B phase transforming 
to a at lower temperatures. A decrease in susceptibility with 
tenperature is also seen in our data but the magnitude of this 
decrease is greater than that for MacPherson*s 10 kbar data, 
and it extends down to 80°K. MacPherson's explanation does 
not seem plausible since the 6 - a transition would not take 
place so smoothly over such a large temperature range. 
The increase in susceptibility below 20®K in the present 
data cannot be readily explained. A small part of this in­
crease is probably due to magnetic impurities (about .2 x 10 ^ 
emu/gm at 2®K). Possibly some of the cerium atoms at points 
of high local deformation or at grain boundaries have a larger 
average atomic spacing than the lattice, so that they are 
effectively y-like atoms with localized 4f orbitals. One 
other possibility is an enhancement of the susceptibility of 
the cerium atoms which are neighbors of the magnetic impurity 
atoms. 
The susceptibility is 3.77 x 10 ^  emu/gm at its minimum 
around 50®K. This value is 4.5 times higher than that pre­
dicted by equation 9 using the n(E ) value from specific heat 
F 
measurements on a cerium. The probable reason for this dis­
crepancy is a large Stoner enhancement of the type predicted 
by equation 11. This is an exchange enhancement of the sus­
ceptibility of the conduction electrons which is probably in­
68 
fluenced significantly by the proximity of the 4f level (or 
the virtual bound states) to the Fermi level. 
The fact that the susceptibility of a cerium is only 
weakly dependent on temperature would s^em to contradict the 
idea of spin compensation in a cerium since a T~^ dependence 
51 52 for the susceptibility would be expected in this case. ' 
It is also apparent that if a cerium has approximately 0.3 
4f electrons per atom, as suggested in the partial promotional 
scheme, this partial 4f electron cannot be localized in ionic 
orbitals in the manner of g and y cerium since a Curie-Weiss 
paramagnetic behavior would result. Since the 4f wave functions 
for adjacent ions do not have the spatial extent to overlap, 
the principal question to be considered is what happens to this 
0.3 electron per atom in a cerium. Or, if the valence of a 
cerium is closer to 3 as suggested by positron annihilation 
experiments, the question is what happens to one complete elec­
tron per atom. 
The problem may be simply one of what is measured when 
determining the valence. In a cerium the conduction band may 
have some 4f character, and the electrons occupying this part 
of the band will be spatially almost localized. At the same 
time these electrons are part of the conduction band and are 
able to contribute to bonding, but not to the same extent as 
the other electrons in the conduction band. Positrons are re­
pelled by the positively charged ion cores, and the valence 
measured using positron methods may not properly reflect the 
69 
the influence of the 4f-like band electrons. Other methods 
for determining the valence may also reflect to greater or 
lesser degrees the influence of the 4f-like band electrons. 
It seems likely that the 4f-like part of the conduction 
band is near the Fermi level. The gradual rise in suscep­
tibility of a cerium above 80°K probably reflects the large 
degree of curvature and slope in the density of states curve 
near the Fermi level. 
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VII. APPENDIX 
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Speci f ic  Heat  Resul ts  for  Beta  Cerium 
T C T2 C/T 
(OR) (mJ/g-at  °K)  (*K2)  (mJ/q-at  
1 .528 80 .48  2 .336 52 .657 
1 .628 91 .67  2 .652 56 .297 
1 .684 95 .  18  2 .835 56 .531 
1 .704 97 .16  2 .903 57 .026 
1 .724 98 .31  2 .971 57 .037 
1 .753 101.24  3 .074 57 .740 
1 .769 102.  66  3 .  128 58 .047 
1 .801 104.95  3 .243 58 .279 
1 .826 106.  34  3 .334 58 .244 
1 .832 107.38  3 .357 58 .610 
1 .851 108.  37  3 .428 58 .534 
1 .886 111.58  3 .558 59 .154 
1 .930 113.78  3 .724 58 .961 
1 .934 115.32  3 .741 59 .623 
1 .949 116.44  3 .801 59 .729 
1 .997 121.35  3 .989 60 .754 
2 .036 124.61  4 .  147 61 .191 
2 .042 125.13  4 .169 61 .282 
2 .067 128.12  4 .  274 61 .974 
2 .  127 133.68  4 .525 62 .847 
2 .  144 134.94  4 .596 62 .945 
2 .228 144.40  4 .965 64 .806 
2 .230 145.03  4 .973 65 .034 
2 .238 144.45  5 .010 64 .539 
2 .333 155.78  5 .441 66 .784 
2 .342 156.43  5 .483 66 .803 
2 .349 158.38  5 .519 67 .416 
2 .452 170.20  6 .011 69 .421 
2 .457 172.  42  6 .035 70 .181 
2 .464 172.51  6 .070 70 .021 
2 .569 186.31  6 .602 72 .511 
2 .572 188.04  6 .613 73 .123 
2 ,603 192.52  6 .778 73 .946 
2 .685 204.21  7 .208 76 .063 
2 .737 213.49  7 .490 78 .007 
2 .  801 222.23  7 .848 79 .324 
2 .881 233.35  8 .  300 80 .996 
2 .979 256.58  8 .873 86 .135 
3 .004 262.86  9 .026 87 .492 
3 .  163 295.87  10 .006 93 .533 
3 .187 300.10  10 .158 94 .158 
3 .368 344.55  11 .341 102.312 
3 .377 346.04  11 .407 102.459 
3 .538 387.  83  12 .520 109.607 
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T C T2 C/T 
(°K)  (mJ/q-at  ®K) (OK2)  (mJ/g-at  
3 .568 398.08  12 .729 111.575 
3 .702 437.50  13 .705 118.180 
3 .740 449.96  13 .987 120.  312 
3 .874 493.79  15 .006 127.471 
3 .918 50 8 .  19  15 .351 129.706 
4 .039 551.42  16 .311 136.  536 
4 .  090 572.01  16 .728 139.857 
4 .  187 611.46  17 .528 146.051 
4 .  248 635.09  18 .046 149.503 
4 .339 674.76  18 .825 155.519 
4 .434 715.34  19 .657 161.  343 
4 .561 776.45  20 .800 170.250 
4 .637 814.31  21 .502 175.611 
4 .808 903.97  23 .122 187.993 
4 .833 917.53  23 .363 189.828 
5 .026 1  028 ,  07  25 .262 204.544 
5 .030 1028.51  25 .303 204.469 
5 .219 1145.66  27 .236 219.525 
5 .245 1160.63  27 .508 221.  290 
5 .407 1269.11  29 .231 234.734 
5 .450 1297.  14  29 .699 238.020 
5 .640 1421.88  31 .812 252.097 
5 .652 1431.48  31 .948 253.258 
5 .853 1582.23  34 .254 270.340 
5 .904 1621.79  34 .859 274.686 
6 .060 1749.70  36 .721 288.741 
6 .  148 1827.28  37 .802 297.197 
6 .269 1933.47  39 .307 308.391 
6 .377 2026.75  40 .666 317.822 
6 .  482 2130.51  42 .014 328.690 
6 .607 2246.71  43 .659 340.025 
6 .749 2387.35  45 .556 353.706 
6 .852 2496.61  46 .948 364.368 
7 .075 2720.45  50 .050 384.538 
7 .  125 2782.41  50 .768 390.505 
7 .395 3089.32  54 .683 417.769 
7 .397 3088.58  54 .713 417.554 
7 .679 3421.87  58 .973 445.591 
7 .711 3458.70  59 .465 448.  519 
8 .003 3821.64  64 .054 477.502 
8 .039 3866.48  64 .626 480.962 
8 .338 4261.85  69 .520 511.143 
8 .  380 4312.95  70 .217 514.698 
8 .684 4748.80  75 .416 546.829 
8 .757 4837.36  76 .683 552.407 
9 .077 5310.61  82 .400 585.032 
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T 
(OK) 
9 .  160 
9.528 
9.585 
9 .945 
10 .044 
10 .315 
10 .508 
10 .702 
10 .913 
10 .935 
11 .124 
11 .313 
11 .432 
11 .565 
11 .697 
11 .781 
11 .879 
11 .952 
11 .964 
11 .992 
1 2 . 0 8 1  
1 2 . 1 0 6  
12 .217 
12 .  325 
12 .331 
12 .426 
12 .432 
12 .441 
12 .549 
12 .664 
12 .770 
12 .883 
12 .979 
13 .079 
13 .183 
13 .282 
13 .405 
13 .514 
13 .634 
13 .737 
13 .850 
13 .946 
14 .064 
14 .167 
14 .294 
14 .415 
C 
(aJ/q-at  ®K) 
5444.41  
6035.55  
6132.94  
6771.47  
6938.85  
7455.91  
7834.33  
8232.00  
8663.30  
8727.41  
9153.13  
9563.98  
9823.93  
10185.71  
10463.41  
10741.07  
10977.61  
11060.27  
11128.71  
11259.68  
11380.59  
11505.37  
11768.10  
11836.33  
11965.58  
11950.22  
11852.68  
12093.52  
11919.52  
11547.93  
11135.09  
10916.63  
10775.09  
10584.60  
10394.  18  
10216.46  
10013.73  
9943.16  
9763.54  
9553.89  
9  29  1 .25  
9067.66  
8734.88  
8376.42  
7932.00  
7549.48  
T2 
(OK2) 
83.910 
90 .779 
91 .674 
98 .898 
100.876 
106.397 
110.414 
114.524 
119.102 
119.569 
123.745 
127.978 
130.703 
133.748 
136.831 
138,801 
141.116 
142.859 
143.140 
143.806 
145.953 
146.561 
149.260 
151.901 
152.054 
154.418 
154.546 
154.790 
157.490 
160.386 
163.064 
165.973 
168.461 
171.075 
173.796 
176.407 
179.703 
182.640 
185.897 
188.713 
191.832 
194.485 
197.791 
200.710 
204.315 
207.804 
C/T 
(nJ/q-at  OK2)  
594 .  354 
633.  469 
6  39 .  840 
680.908 
690.867 
722.831 
745.572 
769.231 
793.822 
798.133 
822.822 
845.417 
859.296 
880.739 
894.503 
911.698 
924.100 
925.363 
930.  173 
938.938 
942.016 
950.368 
963.238 
960.365 
970.365 
961.672 
953.426 
972.034 
949.801 
911.844 
871.995 
847.363 
830.179 
809.248 
788.444 
769.207 
746.995 
735.744 
716.097 
695.472 
670.832 
650.208 
621.087 
591.254 
554.922 
523.709 
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T 
(*K) 
14.553 
14 .706 
14 .853 
14 .943 
15 .006 
15 .  167 
15 .295 
15 .422 
15 .466 
15 .862 
1 6 . 1 1 0  
16.739 
16 .771 
17 .404 
17 .566 
18 .159 
18 .434 
19 .148 
19 .323 
2 0 . 2 1 6  
20 .259 
21 .229 
21 .417 
22 .575 
C 
(mJ/q-at  «K) 
7162.96  
6  881.86  
6727.07  
6761.20  
6661.85  
6652.53  
6658.  22  
6689.07  
6707.07  
6805.03  
6919.46  
7209.56  
7  239 .  32 
7572.73  
7651.59  
7940.43  
8064.05  
8511.12  
8626.07  
9058.62  
9076.77  
9843.40  
9979.02  
10820.75  
T2 
(OK2) 
211.791 
216.275 
220.624 
223.295 
225.173 
230.051 
233.923 
237.849 
239.208 
251.609 
259.539 
280.204 
281.277 
302.896 
308.566 
329.758 
339.818 
366.635 
373.388 
408.688 
410.445 
450.676 
458.695 
509.617 
C/T 
(mJ/g-at ORZ) 
492.  197 
467.954 
452.897 
452.  464 
443.  953 
438.606 
435.333 
433.725 
433.655 
429.009 
429.508 
430.697 
431.649 
435.  117 
435.590 
437.266 
437.452 
444.498 
446.408 
448.  091 
448.027 
463.674 
465.935 
479.331 
80 
Speci f ic  Heat  Resul ts  for  Alpha Cerium 
T C T2 C/T 
(°K)  (mJ/q-at  OR) (ORZ) (mJ/q-at  ORZ) 
1 .616 21 .05  2 .612 13 .023 
1 .630 21 .21  2 .656 13 .014 
1 .678 22 .75  2 .816 13 .556 
1 .696 23 .98  2 .875 14 .144 
1 .780 23 .19  3 .  170 13 .026 
1 .784 23 .88  3 .181 13 .391 
1 .804 23 .70  3 .255 13 .137 
1 .979 27 .00  3 .917 13 .645 
2 .038 27 .97  4 .154 13 .725 
2 .  056 28 .59  4 .228 13 .905 
2 .  114 29 .  19  4 .468 13 .811 
2 .  177 30 .72  4 .741 14 .108 
2 .216 30 .67  4 .912 13 .837 
2 .262 34 .  10  5 .117 15 .076 
2 .314 34 .09  5 .356 14 .730 
2 .381 33 .66  5 .668 14 .137 
2 .414 35 .11  5 .828 14 .545 
2 .466 37 .20  6 .079 15 .089 
2 .607 39 .20  6 .799 15 .032 
2 .664 40 .98  7 .095 15 .383 
2 .775 42 .67  7 .702 15 .377 
2 .783 42 .90  7 .744 15 .415 
2 .826 43 .95  7 .987 15 .553 
2 .847 44 .40  8 .106 15 .593 
2 .930 46 .  18  8 .584 15 .762 
2 .969 47 .16  8 .818 15 .880 
3 .024 49 .37  9 .145 16 .325 
3 .089 49 .65  9 .541 16 .072 
3 .  121 50 .54  9 .738 16 .194 
3 .234 52 .99  10 .458 16 .386 
3 .285 54 .  17  10 .791 16 .491 
3 .297 54 .18  10 .871 16 .433 
3 .413 57 .72  11 .650 16 .909 
3 .460 58 .54  11 .974 16 .916 
3 .475 58 .50  12 .078 16 .831 
3 .500 59 .25  12 .247 16 .932 
3 .642 63 .35  13 .267 17 .391 
3 .660 63 ,65  13 .398 17 .390 
3 .683 65 .13  13 .567 17 .681 
3 .739 65 .62  13 .977 17 .551 
3 .876 70 .  15  15 .027 18 .097 
3 .880 69 .66  15 .052 17 .955 
3 .945 72 .78  15 .564 18 .447 
3 .956 71 .96  15 .654 18 .187 
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T C T2 C/T 
(OK) (mJ/q-at  *K)  (OK2)  (mJ/g-at  ORZ) 
4 .  105 76 .98  16 .852 18 .751 
4 .  171 79 .  14  17 .398 18 .973 
4 .  186 79 .91  17 .524 19 .089 
4 .326 84 .81  18 .713 19 .606 
4 .377 86 .07  19 .158 19 .664 
4 .405 88 .20  19 .407 20 .022 
4 .405 87 .66  19 .408 19 .897 
4 .532 92 .72  20 .542 20 .457 
4 .586 94 .  95  21 .032 20 .704 
4 .596 95 .31  21 .120 20 .740 
4 .666 99 .  10  21 .770 21 .240 
4 .714 100.44  22 .223 21 .305 
4 .775 103.  33  22 .801 21 .639 
4 .782 101.22  22 .873 21 .164 
4 .896 112.  15  23 .974 22 .904 
4 .929 110.61  24 .296 22 .440 
5 .004 113.74  25 .040 22 .731 
5 .039 114.90  25 .388 22 .804 
5 .117 120.  44  26 .179 23 .540 
5 .  166 122.32  26 .683 23 .680 
5 .235 129.03  27 .408 24 .647 
5 .336 131.50  28 .468 24 .647 
5 .409 136.  36  29 .258 25 .209 
5 .432 137.23  29 .503 25 .264 
5 .488 140.  34  30 .120 25 .572 
5 .598 145.76  31 .343 26 .035 
5 .654 148.52  31 .963 26 .269 
5 .658 153.57  32 .013 27 .141 
5 .815 159.87  33 .812 27 .494 
5 .906 166.72  34 .882 28 .228 
5 .934 167.  27  35 .217 28 .186 
6 .054 178.09  36 .653 29 .415 
6 .  194 192.12  38 .372 31 .015 
6 .243 195.85  38 .970 31 .374 
6 .511 221.07  42 .387 33 .955 
6 .  546 224.92  42 .849 34 .360 
6 .591 22 8 .77  43 .442 34 .709 
6 .812 258.17  46 .406 37 .898 
6 .833 255.99  46 .694 37 .462 
7 .086 287.24  50 .209 40 .538 
7 .  137 291.65  50 .944 40 .862 
7 .374 321.86  54 .371 43 .650 
7 .464 333.76  55 .708 44 .718 
7 .487 331.84  56 .053 44 .323 
7 .690 365.31  59 .136 47 .505 
7 .750 371.76  60 .063 47 .969 
7 .994 409.31  63 .901 51 .203 
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T C T2 C/T 
(OR) (mJ/q-at  ®K) (ORZ) (mJ/g-at  «K^)  
8 .015 414.34  64 .244 51 .694 
8 .061 418.99  64 .977 51 .979 
8 .287 454.51  68 .680 54 .844 
8 .310 459.82  69 .052 55 .335 
8 .336 465.85  69 .490 55 .884 
8 .550 501.59  73 .107 58 .664 
8 .619 515.16  74 .292 59 .768 
8 .645 517.72  74 .734 59 .887 
8 .787 546.50  77 .204 62 .197 
8 .946 579.95  80 .037 64 .826 
8 .  960 582.77  80 .287 65 .039 
9 .086 608.  46  82 .565 66 .963 
9 .272 648.45  85 .962 69 .939 
9 .287 650.77  86 .244 70 .075 
9 .436 681.48  89 .038 72 .221 
9 .646 721.42  93 .037 74 .793 
9 .806 777.01  96 .159 79 .237 
9 .966 819.97  99 .319 82 .278 
10 .058 838.78  101.157 83 .396 
10 .198 880.74  103.992 86 .367 
10 .354 925.94  107.209 89 .427 
10 .445 945.71  109.090 90 .545 
10 .580 1001.38  111.944 94 .644 
10 .794 1060.29  116.514 98 .228 
10 .840 1062.30  117.498 98 .002 
10 .962 1  079.02  120.156 98 .436 
11 .216 1  194.48  125.800 106.  497 
11 .253 1211.81  126.623 107.690 
11 .363 1276.69  129.121 112.353 
11 .615 1331.08  134.907 114.600 
11 .676 1353.78  136.326 115.947 
11 .778 1394.  45  138.728 118.  392 
12 .082 1498.53  145.967 124.034 
12 .147 1522.91  147.546 125.  375 
12 .295 1579.93  151.171 128.500 
12 .595 1694.  38  158.623 134.532 
12 .690 1732.69  161.026 136.544 
12 .861 1789.  10  165.404 139.I l l  
13 .106 1885.77  171.771 143.884 
13 .301 1967.68  176.915 147.936 
13 .403 2011.67  179.642 150.091 
13 .601 2089.92  184.992 153.657 
13 .977 2235.76  195.356 159.960 
13 .978 2234.  19  195.393 159.833 
14 .122 2  287.56  199.435 161.984 
14 .564 2475.82  212.117 169.993 
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T 
(OK) 
14,6UU 
14.753 
15.184 
15.267 
15.'415 
15.868 
15.925 
16.065 
16.592 
16.673 
16 .818  
17.417 
17.511 
17.695 
18.290 
18.470 
1 8 . 6 1 1  
19.124 
19.377 
19.575 
20.009 
20.198 
21.078 
22.297 
C 
( iJ /q-at  *K) 
2 518.83 
2563.99 
2775.62 
2812.16 
2398.66 
3111.23 
3158.22 
3 207.07 
3538.37 
3 556.82 
3622.19 
3879.35 
3942.72 
4049.40 
4260.41 
4 387.41 
4373.27 
4735. 20 
4872.49 
4 877.36 
4962.23 
5070.72 
5533.48 
604 3.23 
T2 
(0K2) 
214.451 
217.661 
230.556 
233.071 
237.621 
251.809 
253.621 
258.087 
275.293 
277.999 
282.838 
303.371 
306.621 
313.125 
334.533 
341.146 
346.355 
365.743 
375.454 
383.201 
400.369 
407.973 
444.298 
497.165 
C/T 
(mJ/q-at  ORZ) 
172.002 
173.791 
182.798 
184.203 
188.042 
196.063 
198.312 
199.630 
213.258 
213.324 
215.378 
222.727 
225.162 
228.840 
232.934 
237.541 
234.988 
247.600 
251.462 
249.156 
247.997 
251.046 
262.519 
271.031 
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Magnetic Susceptibility of 100% cerium 
Calculated values: 
T X X 10^ 10"3/x 
(®K) ( emu/gram) (gram/emu) 
2.0 131.4 7.61 
3.0 130.4 7.67 
4.0 130.2 7.68 
5.0 130.2 7.68 
6.0 130.5 7.66 
7.0 131.4 7.61 
8.0 132.8 7.53 
9.0 134.8 7.42 
10.0 137.7 7.26 
11.0 141.6 7.06 
i2.0 148.1 6.75 
12.3 149.2 6.70 
12.5 148.4 6.74 
13.0 143.9 6.95 
14.0 134.8 7.42 
15.0 126.7 7.89 
17.0 114.0 8.77 
20.0 101.3 8.77 
25.0 88.7 11.27 
30.0 80.5 11.27 
35,0 74.2 13.48 
40.0 69.2 14.45 
45.0 65.2 15,33 
50.0 61.9 16.15 
60.0 56.4 17.74 
70.0 51.8 19.30 
80.0 48.0 20.82 
Values for smoothed 100% 3 curve: 
90 44.6 22.4 
100 41.7 24.0 
120 36.6 27.3 
140 34.6 28.9 
160 29.5 33.9 
180 26.9 37.2 
200 24.7 40.5 
220 22.8 43.8 
240 21.2 47.1 
260 19.8 50.4 
280 18.6 53.7 
300 17.5 57.0 
320 16.6 60.3 
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Magnetic Susceptibility of 100% a cerium 
Experimental values: 
T X X 10^ io"^/x CK) (emu/gram) (gram/emu) 
1.655 4.605 217.1 
1.865 4.599 217.4 
2.100 4.558 219.4 
2.384 4.545 220.0 
2.679 4.519 221.3 
3.128 4.465 223.9 
3.436 4.416 226.5 
3.863 4.390 227.8 
4.320 4.360 229.4 
4.5 4.332 230.8 
5.0 4.293 232.5 
5.5 4.250 235.3 
6.0 4.241 235.8 
7.0 4.166 240.0 
8.0 4.123 242.5 
9.0 4.078 245.2 
10.0 4.045 247.2 
11.0 4.002 249.8 
12.0 3.979 251.3 
12.5 3.974 251.6 
15.0 3.923 254.9 
17.0 3.871 258.3 
20.0 3.847 259.9 
25 3.830 261.1 
30 3.817 261.9 
40 3.779 264.7 
50 3.774 265.0 
60 3.776 264.8 
70 3.802 263.0 
80 3.782 264.4 
90 3.824 261.6 
100 3.873 258.2 
110 3.910 255.6 
120 3.953 253.0 
130 4.007 249.6 
140 4.045 247.2 
150 4.106 243.5 
